Monoclonal gammopathy of undetermined significance (MGUS) is the requisite precursor to multiple myeloma (MM), a malignancy of antibody-producing plasma B-cells. The genetic basis of MGUS and its progression to MM remains poorly understood. C57BL/KaLwRij (KaLwRij) is a spontaneously-derived inbred mouse strain with a high frequency of benign idiopathic paraproteinemia (BIP), a phenotype with similarities to MGUS including progression to MM. Using mouse haplotype analysis, human MM SNP array data, and whole exome and whole genome sequencing of KaLwRij mice, we identified novel KaLwRij gene variants, including deletion of Samsn1 and deleterious point mutations in Tnfrsf22 and Tnfrsf23. These variants significantly affected multiple cell types implicated in MM pathogenesis including B-cells, macrophages, and bone marrow stromal cells. These data demonstrate that multiple cell types contribute to MM development prior to the acquisition of somatic driver mutations in KaLwRij mice, and suggest that MM may an inherently non-cell autonomous malignancy.
Introduction
Multiple myeloma (MM) is the second most common hematological malignancy and is characterized by accumulation of clonal plasma B-cells in the bone marrow, hypercalcemia, renal failure, anemia, and lytic bone lesions. Despite impressive recent progress in treatments for MM, median survival is only 6 years [1] . The requisite precursor to MM is monoclonal gammopathy of undetermined significance (MGUS), a pre-neoplastic proliferation of clonally derived plasma cells without end organ damage.
Epidemiological studies suggest a genetic component to MM disease risk that is due to an increase MGUS development. African Americans have an increased risk of MM due to elevated MGUS risk, rather than an increased rate of conversion from MGUS to overt MM [2] [3] [4] . Moreover, inherited risk variants for MM also confer a significant increase in risk for MGUS [5] , providing further evidence that increased MM susceptibility is due to inherited predisposition to MGUS. Interestingly, the somatic mutations responsible for disease progression from MGUS to MM remain unknown. The majority of somatic mutations found in CD138-selected MM cells are present at similar frequencies in similar cells isolated from MGUS patients [6] , suggesting that plasma-cell extrinsic factors may contribute to disease progression in MM.
Few experimental models exist to study the biology of MGUS and MM in a laboratory setting, confounding efforts to understand the biology of MM progression. Xenograft models to study human myeloma growth, e.g. SCID-hu, require the presence of a human bone marrow microenvironment [7] , highlighting the importance of non-malignant cells within the myeloma microenvironment.
The C57BL/KaLwRij mouse (KaLwRij) is a spontaneously-derived inbred mouse strain identified nearly 40 years ago that is predisposed to myeloma [8] . KaLwRij mice develop benign idiopathic paraproteinemia (BIP), a condition analogous to human MGUS, at a high rate. Affected mice progress to myeloma at the same low rate as humans do, approximately 1% per year. The 5TGM1 cell line originally isolated from a sick KaLwRij mouse is often used as a model of myeloma because when transplanted back into KaLwRij mice, it causes disease with similar clinical features as human MM including lytic bone lesions [8] . Notably, while the 5TGM1/KaLwRij model recapitulates many features of human disease, the genetic basis of BIP susceptibility in KaLwRij mice remains unknown.
In this study, we investigated the genetic determinants underlying the BIP predisposition of the KaLwRij strain. Using an integrative genetics approach, including whole genome and exome sequencing, we identified novel KaLwRij gene variants, such as homozygous deletion of Samsn1 and deleterious point mutations in tumor necrosis factor receptor family members. KaLwRij genetic variants significantly affected multiple cell types implicated in MM pathogenesis including B-cells, macrophages, and bone marrow stromal cells. These results illuminate pathways responsible for MM disease risk, and demonstrate for the first time that the development of myeloma involves multiple cell types prior to the acquisition of somatic mutations.
Results
We mapped genetic distances among myeloma-prone KaLwRij and eleven diverse inbred mouse strains using SNP arrays. KaLwRij was most closely related to its parent strain C57BL/6 ( Fig 1A) . Initially we hypothesized that KaLwRij predisposition to BIP would be reflected in a unique antibody response to immune challenge and that sustained serum immunoglobulin levels would provide a measurable quantitative phenotype to perform quantitative trait loci (QTL) mapping. Following immunization of these twelve strains (S1A Fig), Table) . M-spike presentation may be due either to increased survival of plasma cells or increased activation of memory B-cells, but work beyond the scope of this manuscript is necessary to dissect these possibilities. The highest frequency of an abnormal M-spike sustained to 18 months was found in KaLwRij (56%) while it had resolved in C57BL/6 mice ( Fig  1B) . Fig 1C, S2 Table) . To enrich for candidate genes relevant to human MM, we took an integrative cross-species approach. We performed genome-wide association analysis (GWAS) on genomic DNA isolated from normal tissue of 305 MM patients and 353 healthy controls to identify common genetic variants associated with MM. The relatively small patient population identified only one SNP (rs1029654 in an intergenic region) that reached genome-wide significance. To include additional genetic variants associated with MM risk, we queried SNPs in the 99th significance percentile (209 SNPs, Fig 1D) and generated a candidate gene list of 177 genes possibly influencing MM risk in humans (S3 Table) . Importantly, this approach identified SNPs in three of the seven previously published genetic loci associated with MGUS and MM risk (2p23.3, 3p22.1, and 7p15.3), validating our approach. The intersection of the KaLwRij and C57BL/6 haplotype gene set (418 genes) and the human GWAS set (177 genes) contained five genes: Fstl4, Samsn1, Ccm2, Tenm3, and Csmd1 (Fig 1E) .
To characterize these loci at base-pair resolution and to identify additional genomic variants contributing to MM pathogenesis, we performed whole genome sequencing (WGS) and whole exome sequencing (WES). 926,326,580 reads were obtained by WGS and 75,950,592 by WES, with 96.0% and 98.9% mapping to the reference C57BL/6 genome respectively. These data were analyzed for large deletions, single nucleotide variants (SNVs), and small insertion or deletion events (S4-S7 Tables). 19 ,042 cross-validated SNVs were identified in the KaLwRij genome (S5 Table and data not shown). Of these SNVs, 1,128 (5.9%) resulted in nonsynonymous coding sequence changes (S5 Table) , with 29 novel variants predicted to be disruptive (Table 1) .
Analysis of structural variants identified two deletions. The first, confirmed by PCR and sequence analysis, spanned 1.6 kb within Rfpl3s (data not shown). More compelling, however, was a large 180 kb deletion encompassing the entire Samsn1 gene (Chr16: 75816190-75996162; Fig 2A, S2A Fig) , which was also identified in our cross-species approach.
To characterize the functional effect of Samsn1 deletion, we utilized a genetic mouse model with targeted deletion of Samsn1 on the C57BL/6 background. Samsn1 -/-mice have increased B-cell proliferation in vitro and increased immunoglobulin response in the weeks following immunization in vivo [9] . The 180 kb deletion resulted in an effective Samsn1 knock-out in KaLwRij mice, so we predicted KaLwRij mice would display similar B-cell phenotypes observed in Samsn1 -/-mice. Samsn1 was expressed in C57BL/6 but not in KaLwRij ex vivo stimulated splenic B-cells, confirming the loss of protein expression predicted by gene deletion (Fig 2B) . B-cells isolated from young KaLwRij prior to onset of BIP and myeloma had significantly increased proliferation following stimulation compared to C57BL/6 ( Fig 2C) . Additionally, KaLwRij mice had a significant and progressive elevation in immunoglobulin IgG2b levels following immunization ( Fig 2D) . We next tested whether Samsn1 expression played a role in fully transformed myeloma cells. The 5TGM1 myeloma cell line, originally isolated from a myeloma-bearing KaLwRij mouse [10] , was confirmed as Samsn1-null ( Fig 2E, S2A Fig) . Stable re-expression of Samsn1 decreased proliferation of 5TGM1 cells compared to control under both basal and IL-6 stimulated conditions (Fig 2F) . Taken together, these data demonstrate that Samsn1 regulated B-cell proliferation in non-tumor bearing mice and restrained MM tumor cell growth in part through a plasma cell intrinsic mechanism.
SAMSN1 (HACS1) was first cloned on the basis of its differential expression in multiple myeloma with low expression in human myeloma cell lines [11] . To further investigate whether SAMSN1 participates in human myeloma, we queried plasma-cell SAMSN1 gene expression in patient samples. SAMSN1 was expressed at lower levels in both human MGUS and MM cells compared to normal human plasma cells (S3 Fig), suggesting that plasma-cell intrinsic SAMSN1 may also play a role in human MM progression.
Samsn1 expression was not restricted to the B-cell lineage (S2B Fig) , so we hypothesized that Samsn1 might influence MM development via effects on additional cell types in the tumor stroma. We examined two cell types known to participate in MM pathogenesis: macrophages (Samsn1 expressors) and bone marrow stromal cells (BMSCs, Samsn1 non-expressors; S2B  Fig) . Microarray analysis of BIP-resistant C57BL/6 and BIP-susceptible KaLwRij primary bone marrow macrophages identified 281 differentially expressed genes (Fig 3A, S8 Table) . KaLwRij macrophages had increased proliferation (Fig 3B) and increased Chi3l3 (1.80 fold), Chi3l1 (2.48 fold), and Cxcl2 (3.45 fold) expression, transcriptional markers for pro-tumor M2 macrophage polarization. Notably, there were no variants identified in these genes in the KaLwRij genome. Chi3l3 expression was also significantly increased in macrophages isolated from Samsn1 -/-mice, confirming that these macrophage expression changes were due specifically to Samsn1 deficiency (Fig 3C) .
To test the function of Samsn1 in tumor-associated macrophages in vivo, we injected either wild-type or Samsn1 -/-ex vivo polarized M2 macrophages into established 5TGM1 tumors.
Compared to wild-type, Samsn1 -/-M2 macrophages significantly increased the growth of myeloma tumors (Fig 3D) . These findings indicate that Samsn1 regulates a pro-tumor function of macrophages in the myeloma microenvironment. Interestingly, microarray analysis of Samsn1-nonexpressing BMSCs from C57Bl/6 and KaLwRij also showed many gene expression differences (Fig 4A) . Tnfrsf22, Tnfrsf23, and Tnfrsf26, identified in the WGS (S5 Table) , showed lower expression in KaLwRij BMSCs compared to C57BL/6 (Fig 4B, S8 Table) . Consistent with other reports, expression of Adipoq, previously implicated in MM biology in mice and patients [12] , was also significantly reduced in BMSCs from KaLwRij (Fig 4C) . Fstl4, initially identified by our integrative genetics approach, was also depleted at steady-state levels in BMSCs (Fig 4D) .
Discussion
High throughput WGS analyses of human MM cell genomes have revealed striking genetic diversity but have failed to clarify the etiology of MM [13, 14] . The spontaneously-derived KaLwRij inbred mouse strain is commonly used as a model for MM but the KaLwRij genome has not previously been sequenced. Here, we present the WGS of the KaLwRij mouse as well as provide gene expression profiles for MM-supportive macrophages and BMSCs as evidence for multiple cell lineages contributing to MM prior to overt disease manifestation. Rather than being confined to the B-lineage, the presumed cell of origin of MM, our results suggest that genetic susceptibility alleles are expressed in both the pre-malignant B-cell and in supportive host microenvironment cells.
Combined analysis of loci that contribute to inherited disease risk to both MM in humans and BIP in mice identified Samsn1 as a likely candidate to influence disease susceptibility. Surprisingly, we discovered that Samsn1 is homozygously deleted in the KaLwRij genome [15] . KaLwRij mice have a similar phenotype to Samsn1-/-mice including increased proliferation of B-cells in ex vivo culture and elevated IgG levels with age [9] , supporting the conclusion that absence of Samsn1 drives KaLwRij BIP. Samsn1 add-back inhibited proliferation in transformed MM cells suggesting that the gene can play a plasma-cell intrinsic tumor suppressor role in KaLwRij mice, but we also demonstrated that the absence of Samsn1 in macrophages also contributes to MM progression, making the role of this pathway more complex.
Most compelling were the non-plasma cell contributions of Samsn1 to MM. The majority of genetic alterations in MM cells are already present in MGUS plasma cells [6] , suggesting that plasma cell extrinsic factors contribute to the conversion of MGUS to MM. Rather than being confined to the affected plasma cell, the genetic susceptibility alleles in KaLwRij also are expressed in supportive host microenvironment cells. Samsn1-null macrophages had increased M2 macrophage markers and potently increased myeloma tumor growth in vivo. These data place Samsn1 as an inhibitor of pro-tumorigenic macrophage polarization and as a plasma-cell extrinsic regulator of MM growth.
Our findings also strongly suggest that gene loci in addition to Samsn1 are likely to be important to MM pathogenesis in the KaLwRij model. We found significant gene expression differences between C57BL/6 and KaLwRij BMSCs, a myeloma-supportive cell type in the tumor microenvironment that does not express Samsn1 (Fig 4) . Through WGS, we identified additional KaLwRij genes that may explain differences between KaLwRij and C57BL/6 BMSCs. Notably, we identified deleterious variation and decreased expression in multiple BMSCexpressed genes, including Tnfrsf22, Tnfrsf23, and Tnfrsf26. These genes encode decoy receptors for the TRAIL cytokine [16] . TRAIL-OPG signaling has been implicated in MM progression in humans [17] , and these KaLwRij variants may support MM via paracrine signaling.
WGS also identified a novel variant in a paralog of adiponectin (Adipoq), C1qtnf2, predicted to be disruptive. C1qtnf2 is a ubiquitously expressed lipokine with similar function to adiponectin. Adipoq has been shown to have anti-myeloma effects in KaLwRij mice and in humans [12] , and we confirmed significantly lower Adipoq expression in KaLwRij BMSCs. Together, these results provide additional lines of evidence that multiple pathways and cell types are involved in KaLwRij MM predisposition, and validate our combined genetics approach as a method for identifying pathways involved in MM pathogenesis.
SAMSN1 expression is decreased in MGUS and MM patient samples (S3 Fig) and has reduced expression in human MM cell lines [11] , but SAMSN1 is not the target of somatic mutation in human MM [14] . Further work to map the SAMSN1 pathway in humans is needed before we can determine the significance of SAMSN1 to human MM. While SAMSN1 is conserved in humans, one of its murine binding partners, PIRB is not [18] . SAMSN1 is also reported to bind cortactin, a component of integrin signaling and cell migration that is conserved in humans [19] , but it is not known whether this interaction is necessary for SAMSN1's role in MM. We pursued investigation of the role of Samsn1 in KaLwRij mouse BIP susceptibility on the basis of a SNP in the human SAMSN1 locus identified in a MM patient GWAS (Fig 2) . While SAMSN1 is not deleted in human MM, components of a SAMSN1 pathway appear likely to involved in myeloma susceptibility and/or disease progression.
Our observation that the susceptible background of KaLwRij mice involves multiple cell types helps explain two persistent dilemmas in the myeloma field: i) the marked clonal heterogeneity observed in human MM samples and ii) the inability of human MM cells to engraft in immunocompromised mice without co-transplantation of myeloid and stromal cells [7] . Drug resistance and MM cell survival is well-known to involve several stroma cell types, but the assumption in the field has been that it is the malignant MM cells that subvert normal bone marrow cells to create a pro-tumor milieu. Our findings suggest for the first time that multiple cell lineages are involved in MM pathogenesis prior to disease manifestation and independently of tumor cell somatic mutations. Further evaluation of the interaction between somatic and germline genetic events in the KaLwRij model system may provide additional insights into human MM.
Materials and Methods

Ethics statement
The study cohort was approved by the Human Research Protection Office at Washington University School of Medicine and at the Mayo Clinic. Informed written consent from the patients was obtained in accordance with the Declaration of Helsinki. Mice were housed in shared pathogen-free conditions according the guidelines of the Division of Comparative Medicine, Washington University School of Medicine. The Washington University Animal Studies Committee approved all experiments.
Mice
129S1/SvImJ, A/J, AKR/J, BALB/cByJ, CBA/J, C3H/HeJ, C57BL/6, DBA/2J, FVB/NJ, NOD/ ShiLtJ, SJL/J, and NOD-scid-IL2Rγ mice were purchased from The Jackson Laboratory. C57Bl/KaLwRij mice were originally obtained from Gregory Mundy at Vanderbilt University. Mice were housed in shared pathogen-free conditions according the guidelines of the Division of Comparative Medicine, Washington University School of Medicine. Mice were euthanized by asphyxiation using CO 2 chambers. The animal ethics committee approved all experiments.
Samsn1 -/-mice were originally obtained from Dingyan Wang [9] . Samsn1 -/-and Samsn1 +/+ mice were housed in shared pathogen-free conditions according to the guidelines from the Animal Resource Centre of the University Health Network, Princess Margaret Hospital Animal Facility.
Primary cell culture
Splenic B-cells were negatively selected via MACS with anti-CD43 beads (Miltenyi Biotec). Cells were cultured in RPMI 1650 media, 10% FBS, 0.00035% BME, 1% penicillin-streptomycin and stimulated with 10 ng/ml LPS and 20 ng/ml IL-4 for 72 hours. Cells were characterized by FACS (CD43-/ B220+ / IgD+, S5 Fig) . To generate bone marrow macrophages (BMMs), whole bone marrow was cultured in αMEM, 10% FBS, 1% penicillin-streptomycin, 50 ng/ml MCSF for 3 days. Cells were characterized by FACS (GR1-/ F4/80+, S7 Fig) . Proliferation was measured by standard MTT assay (Sigma-Aldrich). M2 polarized macrophages were generated by stimulating BMMs with 5 ng/ml IL-4 for 24 hours. Bone marrow stromal cells (BMSCs) were generated by plating whole bone marrow cells in ascorbic acid-free αMEM, 10% FBS, 1% penicillin-streptomycin for 7 days in 5% oxygen followed by negative selection via MACS with anti-CD45 beads ( 
5TGM1-GFP cell culture
The 5TGM1-GFP (5TGM1) cell line was originally obtained from Gregory Mundy at Vanderbilt University. Samsn1 cDNA was subconed into an MSCV-PGK-Puro plasmid. MSCV-PGK-Puro plasmid and lentiviral vectors pCMVΔ8.9 and pM2G were transfected into HEK293T cells. Cell supernatant containing lentivirus was then plated on 5TGM1 cells and selected with puromycin for 72 hours. Cells were maintained in DMEM, 10% FBS, 1% penicillinstreptomycin. Proliferation was measured by BrdU ELISA (Roche Diagnostics).
Immunoblotting
Antibodies: SAMSN1 (Sigma-Aldrich), actin (Sigma-Aldrich), and GFP (Santa Cruz Biotechnology). Blots were incubated with horseradish conjugated secondary antibodies (GE Healthcare) and visualized by chemiluminescence (Pierce Biotechnology). 
5TGM1 in vivo tumors
Gene expression microarrays
RNA was extracted from C57BL/6 and KaLwRij BMMs (3 mice/strain) and BMSCs (2 mice/ strain) using RNeasy Mini kit (Qiagen). RNA samples were submitted to the Genome Technology Access Center at Washington University School of Medicine for hybridization using the GeneChip Mouse Gene 1.0 ST array (Affymetrix). Differentially expressed genes were defined as !1.5 fold changed between C57BL/6 and KaLwRij. We re-analyzed the microarray data of CD138+ plasma cells from healthy donors, MGUS patients, and MM patients published by Fonseca, R. et al. (GSE6477) [20, 21] .
Data was analyzed using Partek Genomics Suite (Partek Inc.).
Quantitative reverse transcription PCR
RNA was extracted using RNeasy Mini kit (Qiagen) and cDNA generated using iScript (BioRad). Quantitative PCR was completed using SsoFast EVA Green Supermix or iQ Supermix (Bio-Rad). All samples run with biological replicates of ! 2. Primer sequences are in S1 Methods.
Statistics
Data are shown as mean +/-SEM. Unless otherwise indicated, experiments were analyzed using Student's t-test to compare 2 groups or ANOVA to compare multiple groups. Ã p<0.05; ÃÃ p<0.01; ÃÃÃ p<0.001.
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